This article considers the evolution of behavioral traits that have both a genetic basis and can be modified. The modifications considered concern an adaptive (learnt) response to environmental influences. In theory, the evolution of such traits may lead to two extreme outcomes; one where the trait becomes genetically fixed (and phenotypically invariable) and the other where it is entirely shaped by environmental influences. Between these extremes lies a spectrum of traits containing a genetic component, but also, to differing degrees, a modifiable component. We review theory considering how learning may affect the genetic evolution of a behavioral trait (commonly referred to as the Baldwin effect). We claim behavioral interactions in tritrophic systems, such as the responses of natural enemies to herbivore-induced plant volatiles, provide an excellent model system to study the Baldwin effect and we illustrate this with recent findings on the searching behavior of the predatory mite Phytoseiulus persimilis.
Introduction
Many behavioral traits have a genetic basis, yet can be modified by learning in response to environmental influences. In tri-trophic systems, for instance, behavioral responses of natural enemies to herbivore-induced cues have genetic bases and are also phenotypically plastic due to learning (Allison and Hare 2009 ).
The presence of selectable variation for a phenotypic trait determines its evolutionary potential to respond to natural selection (Houle 1992; Falconer and Mackay 1996) . However, selectable phenotypic variation may arise from differences in the genetic make-up of different phenotypes as well as from the way these phenotypes respond to environmental influences (i.e. phenotypic plasticity). If there is a genetic (and therefore heritable) ability to adaptively respond to environmental influences by producing certain phenotypes, then this ability can be shaped by natural selection and evolve as well.
Therefore, there is an evolutionary interplay between the innate (i.e. genetically determined) phenotype and the ability to modify it in response to environmental influences. In particular, phenotypic plasticity may change fitness of individuals, and thus it may influence how natural selection acts on the selectable phenotypic variation for the innate trait. At the same time, both the innate phenotype and its plasticity may have genetic bases. Hence, both traits may be shaped by natural selection and thus jointly evolve. Thus, evolutionary pathways are possible where the trait evolves primarily via the innate component, or primarily via improved plasticity or a mixture of both (as illustrated by Papaj 1994) . Moreover, phenotypic plasticity may play a role in creating novel selectable forms that are entirely environmentally induced when there is not any genetic basis for such a variant as, for example, in populations that colonize a novel environment (WestEberhard 2005; Crispo 2008 ).
Learning and evolution Á the Baldwin effect
Learning can be considered as a special form of phenotypic plasticity of behavioral traits because its effect may be reversible; a learned behavioral response may wane if the environmental stimulus that triggered it is no longer present, or it may be modified if a new environmental stimulus occurs. Some mechanisms of learning result in an adaptive change of behavior, i.e. a change that allows the modified phenotype to obtain higher fitness. An example is associative learning where animals learn the association between stimuli and an environmental state that may affect fitness (Dukas 2004) , such as the presence or the lack of food (Dukas and Bernays 2000; Egas and Sabelis 2001) , or the presence of predators or competitors (Nomikou et al. 2003) .
Other forms of learning may be adaptive in some ecological situations, but not in other situations. Suppose a herbivorous arthropod feeds on a certain plant resource of good quality (due to varying profiles of secondary metabolites in different plant species herbivores may be well equipped to feed on some plant species but less on other species). If it learns through sensitisation (Kandel 2001) , then it learns to respond to an otherwise neutral stimulus following an experience with another stimulus that was intense (or noxious). In this hypothetical example, the herbivorous arthropod acquires an increased responsiveness to a variety of herbivore-induced plant volatiles (HIPVs), after an experience with a specific volatile (or a blend of volatiles). Thus, as long as these volatiles are coupled with abundance of food the increased responsiveness acquired by such learning is adaptive, i.e. allows the animal to find more resource of better quality. If, however, conditions change such that, for example, more conspecifics start utilizing this resource then the fitness benefits from remaining on this plant resource will diminish. However, the sensitized response may lead the herbivore to remain on the same resource until the sensitized response wanes.
The effects of adaptive learning are special in that they mimic the outcomes of adaptive evolution (Papaj 1994) . Adaptive learning allows individuals to modify their behavior such that their fitness increases. Therefore, learning ability may mask genetic differences among different phenotypes and such an effect weakens natural selection and slows down the evolution of the innate trait (Falconer and Mackay 1996) . An alternative hypothesis, put forward by Baldwin (1896) and hence known as the Baldwin effect, holds that adaptive learning may in fact accelerate evolution of innate behavior in novel environments, i.e. where genetically determined adaptations to the new environment have not yet evolved and the behavioral trait is under directional selection to reach a distant fitness peak. Adaptive learning not only improves the survival of the population (thus providing the time for the evolution of a genetic basis for optimal behavior); there is also selection for improved learning (provided heritable variation for the ability to learn the behavior associated with higher fitness exists). If learning confers a larger fitness increase to those phenotypes (as well as underlying genotypes) that are relatively closer to the fitness peak (as postulated by Baldwin 1896), then selection for improved learning will be associated with selection for innate behavior. According to the Baldwin effect, in a non-plastic population selection of fitter genotypes proceeds slower because there is no learning that confers additional fitness benefits to genotypes that are already closer to the fitness peak.
The Baldwin effect spurred numerous theoretical models. However, the predictions of these models did not lead to a consensus: some lent support for an accelerating effect of adaptive learning on evolution (e.g. Ancel 1999; Lande 2009), whereas others supported a decelerating effect (e.g. Andersson 1995; Dopazo et al. 2001 ). Recent models (Borenstein et al. 2006; Paenke et al. 2007) represent an attempt at unifying these predictions and do so by defining the theoretical conditions under which one or the other effect of learning prevails. In particular, Paenke et al. (2007) argue that the curvature of the fitness landscape predicts when adaptive learning accelerates or decelerates evolution because it determines whether learning confers a larger fitness increase to those phenotypes (as well as underlying genotypes) that are relatively closer to the fitness peak (see also Egas et al. (2004) for a similar argument).
The common approach in theoretical studies of the Baldwin effect (including Paenke et al. 2007 ) is to assume that the learning ability does not evolve. However, the emerging empirical evidence shows a genetic basis for learning ability such that it is possible to select for higher or lower levels of learning (McGuire and Hirsch 1977; Mery and Kawecki 2002; Dukas 2004 ). Hence, current theory does not answer the question how adaptive learning influences evolution of innate behavior if it is allowed to evolve jointly with the innate behavior. Two exceptions are the studies by Ancel (2000) and Lande (2009) , where evolving phenotypic plasticity is modeled as a reaction norm (see also studies in the framework of artificial life/intelligence, e.g. Watson and Wiles 2002; Suzuki and Arita 2004) . In other words, learning ability may be interpreted in these studies to be fixed at a very high level such that the most adaptive phenotype is always expressed from within the norm of reactions. The result of these studies are consistent in that in the initial stage of evolution toward a distant fitness peak, wider norms of reaction are selected and the expression of the optimal phenotype is initially achieved through a plastic response. At the same time, the process of population movement toward the fitness peak is faster in the plastic population than in a population consisting of nonplastic individuals. However, the second stage of this process, i.e. the convergence of the population on the single optimal non-plastic phenotype (given by the fitness peak) is much slower in the plastic population. If learning has a fitness cost, then Á in this second stage Á it is predicted to be selected against Á a process often termed as genetic assimilation in the context of the Baldwin effect (Lande 2009 ).
Studies by Ancel (2000) and Lande (2009) as well as earlier studies assuming non-evolving learning (e.g. Ancel 1999 ) indicate that the rate of evolution should be measured in two stages: (1) when the population evolves toward a distant fitness peak and (2) when the population is in the vicinity of the fitness peak, i.e. when at least some genotypes in the population express the optimal phenotype innately. Selection may favor different outcomes in these two stages and thus they may concern two different evolutionary processes. Therefore, relevant theoretical tests of the Baldwin effect should explore how various forms of adaptive learning influence evolution (1) toward a 78 B. Sznajder et al.
distant fitness peak and, separately, (2) in the vicinity of the fitness peak.
Testing the Baldwin effect in tritrophic systems
Empirical evidence for the role of learning in evolution is virtually absent (but see Mery and Kawecki 2004 ) and requires a model system where genetic variation for both a behavioral trait and the ability to learn are demonstrated. We believe behavioral interactions in tritrophic systems, such as the responses of natural enemies to HIPVs, provide an excellent model system to study the role of learning in evolution as well as in ecology, as exemplified below. Consider the attraction/repellence behavior of the predatory mite, Phytoseiulus persimilis, toward specific plant odors. These odors are blends of volatile compounds that plants emit when infested by a herbivorous mite, Tetranychus urticae, that represents prey to the predatory mite. The composition of the blend of volatiles is specific to the combination of plant species and herbivore. Therefore, it has been proposed that natural enemies of the herbivores may use HIPV as signals of prey presence and thereby locate their prey (Dicke and Sabelis 1988) . This hypothesis is supported by the well-documented attraction of predatory mites to HIPV (e.g. De Boer et al. 2005) . However, blends of volatiles are known to vary between plant species, and to vary with differing size and duration of infestation. Moreover, in a natural setting different plant species co-occur and may be infested by multiple species of herbivores. This begs the question, how predators extract a signal of prey presence from the variation in blends of HIPV. Adaptive learning may serve to update and reinforce predator preferences for specific volatiles (or their mixtures) after experiencing these in the presence of suitable prey. Moreover, if specific HIPV are consistently coupled with the presence of prey, then genetically determined predator preferences for these HIPV may evolve by natural selection.
Evidence for genetically determined responses to HIPV in P. persimilis was contradictory. Selection experiments demonstrated genetic variation in the predators' response to the full volatile blend induced by feeding of the herbivore in a bean plant (Margolies et al. 1997 ). Some studies demonstrate a preference of the predators to the HIPVs of infested bean even if they have no prior experience with these plant volatiles (e.g. Shimoda and Dicke 2000) . In contrast, other studies report that prior experience with a particular HIPV may be necessary to trigger the preference for that volatile (Drukker et al. 2001; van Wijk et al. 2008) . However, these studies measured predator behavior at the population level, and thus, in genetically variable populations. By analysing the responses of various iso-female lines, we have recently demonstrated genetic variation for both preference towards an HIPV (Methyl salicylate) ) and learning ability to modify such preference (Sznajder 2010) . Consequently, these predator traits may evolve simultaneously.
In conclusion, the wealth of theory on the Baldwin effect confirms that adaptive learning may play a positive role in the evolution of innate traits. Relevant questions include: how to estimate the increase in fitness due to adaptive learning, what is the cost of learning in terms of fitness and how adaptive learning influences evolution in a varying environment. Most importantly, these questions await empirical evidence that currently is virtually absent. Such an empirical approach requires a model system where there is genetic variation for both a behavioral trait and the ability to learn. The responses of the predatory mite P. persimilis to plant volatiles induced by feeding of the herbivore T. urticae, its prey, indicate that both these requirements are satisfied for this tritrophic system. Therefore, application of the theoretical framework to this system may generate valuable new insights into the evolutionary ecology of foraging by P. persimilis.
